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Abstract: The nitrate selectivity of TiO2 has important consequences for its efficiency as a NOx 
depollution photocatalyst. Most emphasis is typically given to photocatalyst activity, a measure of the rate 
at which NOx concentrations are reduced, but a reduction in NOx concentration (mainly NO + NO2) is not 
necessarily a reduction in atmospheric NO2 concentration because the catalytic process itself generates 
NO2. With NO2 being considerably more toxic than NO, more emphasis on nitrate selectivity, a measure of 
the NOx conversion to nitrate, and how to maximise it, should be given in engineering photocatalytic 
systems for improved urban air quality. This study, on the importance of adsorbed water in the 
photocatalytic oxidation of NOx, has identified important correlations which differentiate the role that 
water plays in the oxidation of NO and NO2. This observation is significant and offers insights into 
controlling nitrate selectivity on TiO2 and the potential for increased effectiveness in environmental 
photocatalyst applications. 
Keywords: Supported TiO2; Synthesis conditions; adsorbed water; NOx; Nitrate selectivity 
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1. Introduction 
        Anthropogenic NOx gases (mainly NO and NO2) are introduced to the atmosphere as a 
result of high temperature combustion processes. NOx gases are not only toxic in their own 
right but they contribute to the formation of other toxic atmospheric pollutants, such as 
ground level ozone, PAN (peroxyacytyl nitrate), etc. 1-3. Consequently, EU and EPA 
guidelines for maximum atmospheric NO and NO2 concentrations have been set but these are 
regularly exceeded in urban centers because the largest contribution to NOx gases in the 
urban atmosphere comes from automotive emissions 4-7. This presents society with the 
conflict between its dependence on automotive transport and the consequent negative health 
impacts of polluted air. 
        Semiconductor photocatalysis has been presented and trialed as a practical solution to 
the NOx pollution issue since the 1980s 8-10. TiO2 has been the most widely applied 
photocatalyst in construction materials, e.g. in glass and concrete products, and its 
photocatalytic activity, i.e. the rate of normalized NOx concentration decrease, has been 
exclusively used as an indicator of efficiency 11-17. The nature of the exposure regimes (of the 
photocatalyst to light and reactants) is the primary differentiating factor for the various 
approaches to supporting photocatalysts and has led to a number of innovative and effective 
strategies for performance improvements 18-20. However, photocatalytic activity is not, by 
itself, a useful indicator of the effectiveness of the photocatalyst in addressing the issue of air 
quality. The impact of NOx on health is addressed by the toxicity of its components (and 
their downstream environmental/photochemical reaction products). In this respect, NO2 is 
considerably more toxic than NO (probably by a factor of 10) and so the photocatalytic 
efficiencies for the oxidation of the individual NOx components is of more relevance.  
        Photocatalytic NOx oxidation may be considered a step-wise reaction 
NO → HNO2 → NO2 →NO3
- 
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        To be an effective photocatalyst, the conversion of the toxic NO2 to NO3
- needs to be 
more efficient than the conversion of NO to NO2 to ensure that ambient as well as 
photocatalytically generated NO2 is removed from the atmosphere. Such a catalyst would 
demonstrate a high nitrate selectivity and could be expected to have a significant positive 
effect on the resulting air quality. In a recent study by Bloh, et al 21, a DeNOx index was 
presented which showed that several commercial TiO2 photocatalysts, although 
demonstrating a high activity, showed a very poor nitrate selectivity, with large negative 
DeNOx indices. 
        Despite the importance of nitrate selectivity on NOx photocatalysis, the factors which 
control nitrate selectivity on TiO2 are still not quantitatively understood, although the 
principle reaction stages can be readily identified: 
• adsorption processes for NO and NO2 including competition for sites 
• energetics governing charge transfer processes following photocatalyst activation 
• desorption efficiency of oxidation products 
The objective of the present study was to examine the influence of TiO2 surface 
chemistry on nitrate selectivity, particularly the role played by water. To ensure maximum 
exposure of TiO2 surfaces to reactants, photocatalysts were supported on particulate quartz 
substrates, a practice which is increasing in real world applications. Nanoparticle TiO2 
hydrosol suspensions were prepared from a low temperature precipitation-peptization process 
22-24. pH control was subsequently used to condition quartz and TiO2 surface charges, to (i) 
exploit electrostatic interactions between photocatalyst and substrate, and (ii) vary the ratio of 
chemi-sorbed (OH) groups to physi-sorbed (H2O) water on the TiO2 surfaces, prior to 
photocatalytic measurements.   
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2. Materials and Methods 
2.1 Raw materials 
Quartz sand (SiO2, 20-50 µm), tetrabutyl orthotitanate (TBOT) (Ti(OBu)4, 97%), HNO3 
(nitric acid, 70 wt.%), absolute ethanol (C2H5OH, 99%) and NaOH (sodium hydroxide, 1 M) 
were purchased from Sigma-Aldrich. Deionized water (18.2 MΩ.cm) was used throughout 
the preparation process.  
2.2 Methods 
A low temperature precipitation-peptization process was used to prepare TiO2 hydrosols 
using a reaction mixture of TBOT: C2H5OH: H2O: HNO3 with  overall volume ratio 1: 3: 10: 
0.08 25 as follows: TBOT (10 ml) was dissolved in absolute ethanol (15 ml), with stirring for 
about 30 min at 40 oC (Solution A). HNO3 (8 ml) and absolute alcohol (15 ml) were mixed in 
deionized water (100 ml), and stirred for 10 min (Solution B). Solution A was then slowly 
added into solution B with a speed of 1 – 2 drop/s. Finally, the mixture was continually 
stirred for 48 h, and then aged for 72 h at room temperature. 
The TiO2-quartz composites were prepared as follows: quartz particles were added into 
TiO2 hydrosol suspensions (30 ml, 1.68 g TiO2 equiv./L) of different pH values to give a 
theoretical mass ratio of TiO2:quartz (SiO2) = 0.2 : 0.8. pH was adjusted to values between 1 
and 13 using additions of 1 M HNO3 or 1 M NaOH solutions as required. Suspensions were 
then stirred for 48 h at room temperature. After that, the suspension solution was centrifuged 
and washed with water and absolute ethanol (3 water + 1 ethanol) to neutral pH. 
Subsequently, the precipitates were dried at 105 oC for 24 h and/or calcined at 500 oC for 3 h. 
Suitably sized particles were then obtained by sieving out the particles smaller than 20 µm 
and larger than 50 µm. Samples were marked as TQ-m-n, where m and n represent loading 
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pH value and temperature, respectively. Pure TiO2 particles were also obtained by drying 
TiO2 hydrosols at 105 
oC for 24 h. 
2.3 Characterization 
X-ray diffraction (XRD) patterns were recorded on a PHILIPS P W 3O4O/60X′PertPRO 
diffractometer in the range 20 to 70 o 2θ under Cu Kα radiation at a scanning speed of 6 ° 
min-1 and Fourier transform infrared (FT-IR) spectra were obtained using a Perkin-Elmer 
Spectrum 2 spectrometer. The specific surface area (SSA) was measured on an ASAP 2020 
(Micromeritics), using nitrogen adsorption and the morphologies of samples were observed 
by transmission electron microscopy (TEM, JEM 2000EX). The particle size distribution and 
surface potential were measured using a Malvern Zetasizer Nano Series analyser (ZS-90). 
Thermogravimetry and differential thermal analysis (TG-DTA, STA-780) were used to 
determine the weight loss of samples in the temperature range 25 oC to 1000 oC utilising a 
heating rate of 5 oC /min in nitrogen atmosphere. Prior to TG-DTA, samples were stored at 
approximately 40% relative humidity until constant weight.  As the surface area of quartz is 
very low and there is no measured thermal desorption of water from quartz, the data shown 
are representative of supported TiO2 only. 
2.4 Photocatalytic performance 
Photocatalytic performance measurements on prepared samples were carried out in a 
flow-through reactor (ISO 22197-1: 2007) schematically illustrated in (Figure S1). The 
supported TiO2 sample (0.5 g) was uniformly distributed in a rectangular recess (area 2.4 × 
10-3 m2) inside the reactor so the NO gas had to flow over the sample surface. The sample 
was irradiated by an Ultra-Vitalux 300W (Osram, Germany) light source. 1ppm of NO gas in 
synthetic air, conditioned at a constant 40% relative humidity, measured using a HygroPalm 
1 detector (Rotronic) at 25 oC, was passed at a volumetric flow rate of 5 × 10-5 m3 s-1 through 
the reactor. The concentrations of NO, NO2 and NOx were monitored using a Thermo 
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Scientific Model 42i-HL High Level NO-NO2-NOx Analyzer (Air Monitors Ltd., United 
Kingdom). Each sample was measured in the dark until equilibrium concentrations were 
reached and afterwards, under illumination, until steady state concentrations were observed. 
The resulting photon flux at the position of the sample was measured to be 3.05 × 10-6 mol s-1 
m-2 using a broadband thermopile detector (Gentec-EO-XLP12-3S-H2-D0). For comparison, 
the photocatalytic performances of pure TiO2, Aeroxide
® P25 and CristalACTiVTM PC 105 
(0.1 g) were measured under identical conditions. The photocatalytic efficiency (ξ) was 
calculated according to equation (1). The catalyst selectivity for nitrate (S) was calculated 
according to equation (2).  
ART
VPcc id
Φ
−
=
)(
ξ
          (1) 
NO
NOXS
ξ
ξ
=
                      (2) 
where cd is the concentration in dark, ci the concentration under illumination, V the 
volumetric flow rate, p the pressure, A the irradiated sample area, R the gas constant, T the 
absolute temperature and Φ the photon flux impinging the photocatalyst surface. The 
photocatalytic efficiency was determined separately for NO, NO2 and total NOx.  
3. Results and Discussion 
3.1 Physical and chemical properties 
Figure 1 shows an XRD pattern of the prepared TiO2 particles from which mainly 
anatase and brookite (< 9 wt % relative to anatase, determined by Rietveld refinement and 
QXRD 26) are identified. Lattice fringes of 0.35 nm can be seen in the HRTEM image (Figure 
1 inset) which correspond to (101) faces of anatase. Particle size distribution data indicate 
that the dispersed TiO2 hydrosols have primary particle sizes in the range 5-10 nm but have 
agglomerates which reach around 120 nm. Discrete particles and agglomerates in this size 
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range can also be observed in the TEM image shown (S2) but the elevated temperature and 
drying conditions during further processing induces further agglomeration and larger clusters 
as is also indicated by the TEM image. X-ray diffraction line broadening is greater than 
predicted from the observed particle sizes indicating a relatively low level of crystallinity 
overall 22.   
The level of TiO2 loading on quartz is dependent on loading pH as is shown in Table 1 
(and in Figure S3). TiO2:SiO2 mass ratios were determined by QXRD (ICDD cards 71-1169, 
78-2486, 84-1286, 75-0589, 27-1402) 26-27 and account was taken of the low level TiO2 
crystallinity by integrating the areas under the relevant diffraction peaks. Because the 
particles smaller than 20 µm have been screened out, the TiO2 particles included in 
subsequent analyses can either be associated with coatings on the quartz or, less likely, as 
agglomerates greater in size than 20 µm. As expected, samples calcined at 500 oC for 3 h 
show increased levels of crystallinity (sharper XRD peaks; Figure S3) at both loading pH 
values (pH = 5.14, 13.01). 
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Figure 1. XRD pattern of prepared TiO2 hydrosols dried at 105
 oC with HRTEM image 
(inset) 
The thermogravimetric behavior of the TiO2-quartz samples is similar in all cases and is 
rather monotonic. Reports from the literature 28-30 identify the loss of physically adsorbed 
water (H2O) between 30 and 120 
oC, and of different  types of chemically adsorbed water 
(OH groups) in three clear steps at ca. 300 oC, 460 oC and 600 oC. Although the profile (see 
Figure S4) does not show any clear discontinuity at 120oC, this temperature is taken to mark 
the boundary between physi- and chemi-sorbed water for the purposes of discussion.  
Table 1 Physical and chemical characteristics of the TiO2–coated quartz composites. 
Sample  
TiO2/ 
(TiO2+SiO2) 
(Wt %) 
SSABE
T  
(m2/g) 
Mass loss % (w/w)  
H2O/ 
(OH+H2O) 
H2O 
 (25 – 120 oC) 
OH 
(120 – 1000 oC) 
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TQ-1.67-105 1.8±0.30 8.6 0.086 0.49 0.148 
TQ-3.85-105 3.4±0.60 74.9 1.07 2.31 0.317 
TQ-5.14-105 5.9±0.75 71.5 1.32 1.23 0.518 
TQ-6.03-105 2.7±0.45 73.4 1.19 1.47 0.447 
TQ-8.84-105 3.2±0.55 73.1 1.29 1.57 0.450 
TQ-13.01-105 3.0±0.50 59.9 1.40 1.51 0.482 
TQ-13.01-500 4.8±0.70 22.6 0.25 0.096 0.725 
TiO2-13.01-105 - 321.1 5.84 6.66 0.467 
PC105 - 78.9 0.84 1.41 0.375 
TiO2 mass fraction (%) in TQ samples, calculated by QXRD 
27; H2O – physi-sorbed water; OH- chemi-
sorbed water –the ratio normalises these data enabling a comparison between samples 
The ratio of physisorbed to total adsorbed water (chemi-+physi-), H2O/(OH + H2O), is 
shown in Table 1 to increase with increasing loading pH up to pH 5, where it gradually 
stabilises. Also included in Table 1 are the data for TQ-13.01-500 (calcined at 500 oC) which 
shows a significantly increased  ratio (mainly signifying  a decrease in the fraction of chemi-
sorbed water, likely to indicate a higher level of condensation in the Ti-O bonding network 
than at lower treatment temperatures). Note that the surface bound water quantities are 
significantly lower at 500 than at 105 oC. 
The relative TiO2 loadings indicated in Table 1 can be explained by considering the 
surface characteristics of the TiO2 and of its support. The zeta potential (ζ) variation of TiO2 
hydrosols with pH is very similar to that reported elsewhere for TiO2 
31 but the point of zero 
charge (PZC) is slightly lower, around pH 5.2 (see Figure S5 and Zhang, et al 32).  In the 
region of this pH, where ζ is ±20 mV (pH 4.5 to 6), TiO2 is indifferent to either positively or 
negatively charged surfaces. It also tends to agglomerate because there is insufficient 
electrostatic repulsion between particles. As pH decreases from the PZC, the increasing 
positive charge on TiO2 is increasingly attracted to the negative charge on SiO2 although the 
latter reduces to zero at pH ∼2.6 (PZC of SiO2). A pH window therefore exists in which the 
attractive interaction between TiO2 and SiO2 is maximised (2.6 < pH < 5.2).  Therefore, at the 
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lower end of this pH range, TiO2 agglomerates would be expected to electrostatically 
associate with the quartz surface and this explains the largest level of TiO2 coating on SiO2 in 
the loading pH range 2.6 < pH < 5.2 as indicated by the quantitative XRD results (Table 1). 
 
 
Figure 2. FT-IR spectra of quartz (Q) and TiO2-quartz (TQ) samples with loading pH values 
in the range 1.67 -13.01, dried at 105 oC. 
The FT-IR spectra for quartz (Q) and TiO2-quartz (TQ) samples dried at 105 
oC for 24 h 
are shown in Figure 2. The absorption bands at 1165, 1090 and 1056, and between 400 and 
800 cm-1 are attributed to the vibrations of Si-O bonds 33-35 but other contributions from Ti 
species may overlap in the 400 and 800 cm-1 range (see Figure S6). The weak but broad 
absorption in the range 900 - 960 cm-1, particularly evident at loading pHs ≥ 8.84, is 
attributed to Ti-O-Si and is interpreted as representing a chemical linkage between the quartz 
support and the TiO2 photocatalyst particles 
36. For these samples, the intensity of absorption 
around 913 cm-1 is therefore indicative of the effectiveness of photocatalyst-support binding. 
Page 10 of 27
ACS Paragon Plus Environment
ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
11 
 
From a geometrical perspective, the points of contacts between suspended TiO2 and SiO2 will 
be limited to relatively small fractions of the available surface area and this presents an 
important limiting factor to the number of chemical linkages that can be established under 
any conditions. Further, the reactivity of the SiO2 and TiO2 surfaces is promoted by alkaline 
hydrolysis, the result of which would be a condensation reaction to form the Ti-O-Si linkage 
where TiO2 and SiO2 have come in contact. At preparation pHs lower than around 9, it is 
anticipated that SiO2 and TiO2 surfaces are insufficiently activated so chemical linking 
through condensation would be limited, accounting for the absence of absorption around 913 
cm-1 for samples prepared at pH < 9. Although the conditions of the highest TiO2 loading 
correspond to a preparation pH of 5.14, a chemical linkage is unlikely, and is not supported 
by the FTIR data. Instead, the quartz – TiO2 connection is believed to be physical, defined by 
attractive surface charges, consolidated under mild heat treatment. 
It is also unlikely that the relatively high amount of TiO2 particles associated with the 
loading pH of 5.14 has diluted the intensity of the Ti-O-Si absorption. There is no evident 
FTIR intensity trend with pH to support this. However, for the sample prepared at the same 
pH but at higher temperature (500 oC)  which displays no Ti-O-Si absorption at 913 cm-1, this 
explanation is reasonable, due to its higher TiO2:SiO2 ratio (4.8) (see Figure S6, which also 
highlights the key wavenumbers for absorption bands relevant to this system).  
3.2 Photocatalytic performance 
The concentration profiles observed during NOx photocatalysis for all SiO2-TiO2 
composites were similar to each other (see example in Figure 3) and to those widely reported 
in the literature for NOx photocatalysis on TiO2 in general 
15. Three regions can be defined: 
1) concentration stabilization without UV light illumination, 2) photocatalytic reaction (light 
on), 3) concentration stabilization after illumination (light off). NO2 concentration increases 
quite rapidly upon sample illumination, and remains almost constant whilst NO concentration 
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increases slightly, possibly associated with a reduction in access to catalytic sites (possibly by 
NO3
-).  When the light is switched off, NO2 production drops to zero.  
 
 
Figure 3. Concentration profiles for NO, NO2 and NOx (NO+NO2) during the photocatalytic 
oxidation of NO on TiO2 supported on quartz (TQ-13.01-105; loading pH value of 13.01) 
 
Figure 4 shows the photonic efficiency (ξ) of NO, NOx removal and NO2 generation for 
all samples, calculated according to equation (1). XRD analysis indicated the presence of 
anatase and brookite polymorphs of TiO2 but it is reported that brookite has a similar 
photocatalytic activity for NO oxidation to anatase 21. Photocatalytic trends observed for 
these samples are therefore considered to be due to the predominant anatase content. In 
general, it can be noted that almost all of the composite materials show higher ξ values for 
NO and NOx conversion than the unsupported commercial TiO2.  
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Figure 4. Conversion efficiencies for NO, NO2 and NOx for various samples 
ξ(NO) increased on TiO2-SiO2 composites with increasing loading pH in the low pH 
range but was relatively constant at >80% for pHs above 4.0. In this region, the production 
rate of NO2 decreases (decreasing -ξ(NO2)) which drives a corresponding increase in ξ(NOx) 
and nitrate selectivity, the latter achieving  a maximum at about 86% for pH 13.01 (Figure 
S7); the nitrate selectivity of the composite calcined at 500 oC is reduced by around 60% 
compared with that at 105 oC (Figure 7 SI). Temperature dependent factors such as degree of 
TiO2 crystallinity and defect concentration 
38 should be considered as potential explanations 
but, given the sensitivity to loading pH discussed above, it is tempting to focus on surface 
composition and surface structure as the dominant effects, i.e. distribution of hydroxylated 
surface species, which influence adsorption/desorption characteristics 39-40.  
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In principle, the photocatalysis process can be divided into three mechanistic steps: (1) 
the adsorption of target molecules, (2) degradation of adsorbed molecules under light 
illumination, and (3) desorption of degraded substances. Adsorption is a competitive process 
and NO and NO2 molecules compete for adsorption sites, which include sites provided by 
chemisorbed water 40-42. Molecular (physisorbed) water also participates in the photocatalytic 
process 43-44, so the distribution of physi- and chemi-sorbed water is likely to be an important 
controlling variable in defining photocatalytic efficiency.  
 
Figure 5. Relationship between photocatalytic performance and physi-/(chemi + physi-) 
sorbed water ratio (photonic efficiencies were normalized by TiO2 loading (wt. %)); loading 
pH is indicated for each composite in Table 1. 
The relationships between normalized photocatalytic performance, with respect to TiO2 
loading, and the distribution of physi- and chemi-sorbed water are shown in Figure 5. The 
low ξ (NO) and ξ (NOx) values of TQ-1.67-105 shown in Figure 4 is therefore attributable to 
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the low TiO2 loading  on this composite as its normalized ξ(NO) value is similar to that 
measured for the other composites (Figure 5). Indeed, mass normalized ξ(NO) is almost 
insensitive to the H2O/(OH+H2O) ratio up to a value of 0.48 (almost half the mass fraction 
range). This suggests that in this range, (i) NO adsorption is not limited by the availability of 
adsorption sites (e.g. chemisorbed water), and (ii) NO oxidation is not directly dependent on 
physisorbed water content. 
Photocatalytic mechanisms. NOads can be oxidised on the illuminated TiO2 following 
several well-established photocatalytic pathways 38, 41, 45-46, (see equations (3)-(8)). In these, 
adsorbed water plays important but different indirect roles:  
   (i)  In reaction with photogenerated charges from (3), it produces ●OH (4), which oxidises 
NOads in (6). H
+, also produced in (4), participates in oxidising reactions (7) and (8) with O2
●-
ads, produced from (5).  
TiO2 + hv → TiO2 (h
+ + e-)
NOads
● OHads HNO2ads
● OHads NO2ads + H2O
TiO2(h
+) + H2Oads → TiO2 + 
● OHads + H
+
TiO2(e
-) + O2ads → TiO2 + O2
●-
ads
NOads
HNO3ads
O2
●-
ads
H+
NO2ads + 
● OH
(3)
(4)
(5)
(6)
(7)
(8)  
(ii) NO may also be oxidised by terminal oxygen species, TiO2(Os
●), formed upon trapping 
of the holes by bridging surface oxygen ((9), (10)).  
TiO2(h
+) + TiO2(Os) → TiO2(Os
● )
NOads
TiO2(Os
● )
H2O
TiO2 + NO2ads + 2H
+
NO2ads + TiO2 (V)
H2O TiO2 + 2H
+
(9)
(10)
(11)NOads
TiO2(Os
● )
 
However, the insensitivity of ξ(NO) to the H2O/(OH+H2O) ratio (Figure 5) is in conflict with 
reaction (10) which is better represented by the equivalent two-stage process shown in 
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reaction (11). In the overall reaction mechanism, H2O is only indirectly involved in the NO 
oxidation process, i.e. in neutralising the resulting oxygen vacancy (V), as indicated in Figure 
5. Further possibilities for NO oxidation are evident from reactions (7) and (8), each 
involving the superoxide ion radical, O2
●-
ads generated from processes (3) and (5). 
Examination of Figure 3 indicates significantly greater concentration changes arising for NO 
(∼-300 ppb) than for NO2 (∼+30 ppb) upon illumination. Although the concentrations 
indicated are steady state gas phase concentrations, this difference is typical for all catalysts 
studied and suggests that NO oxidation is not exclusively to NO2 and that reaction (8) is more 
important than was previously thought.  
In contrast, Figure 5 shows that NO2 oxidation, i.e. -ξ(NO2), is positively correlated with 
the H2O/(OH+H2O) ratio, indicating its direct dependence on physisorbed molecular water. 
Photocatalysed NO2 oxidation reactions (12) and (13) have been previously proposed 
41 but 
only (13) shows a direct dependency on physisorbed water content. The ξ(NO2)- physisorbed 
water concentration correlation therefore supports the photo-induced defect mechanism for 
NO2 oxidation on TiO2. 
NO2ads + 
● OHads → HNO3ads
NO2ads
TiO2(Os
● )
H2O
TiO2 + NO3
-
ads + 2H
+
(12)
(13)
 
In addition, the presence of physisorbed water offers further, non-photocatalytic 
oxidation mechanisms with the overall reaction shown in (14) 15, 47. These are usually ignored 
when discussing the photocatalytic conversion of NOx to NO3
-, as are the solubilities of the 
resulting species, which are likely to play an important role in removing oxidation products 
from catalytic sites. 
3NO2 +  H2O → NO + 2HNO3 (14)  
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Nitrate selectivity. The effectiveness of a photocatalyst in atmospheric de-NOx processes 
may be measured by its nitrate selectivity; the extent to which the direct oxidation of NO to 
NO3
- is favoured over the production of the more toxic NO2 intermediate 
21. Figure 5 
indicates a proportional nitrate selectivity increase with physisorbed water concentration 
across the range 0.15 < H2O/(OH+H2O) < 0.48, which is related to the equivalent trend in 
ξ(NO2). This observation is important because it suggests that the nitrate selectivity of TiO2 
is not only influenced by molecular water but also by the level of photo-induced structural 
defects (i.e. oxide ion vacancies) in the photocatalyst, as indicated in reaction (13). This 
relationship between defect concentration and nitrate selectivity in TiO2 has been suggested 
before 38 and these results may provide some support for this, although in the present case, 
the linear dependency of selectivity with physisorbed water content suggests that defect 
concentration is not a limiting factor.  
        To establish the relative importance, quantitatively, of photocatalytic (e.g. 13) and non-
photocatalytic (14) processes for the conversion of NO2, a sample (TQ-13.01-105) was 
exposed to NO2 in the reactor and concentrations of NO and NO2 were monitored over time 
through a program of dark and illuminated stages (Figure 6). NO2 initially at approximately 
230 ppb, stabilized in the by-pass circuit, was introduced to the dark reactor and immediately, 
a drop in concentration was observed. This could be due to chemical conversion through non-
photocatalytic processes but the observation that concentration starts to rise throughout the 
remaining dark period suggests that the adsorbed NO2 is being displaced by competitive 
adsorption through the introduction of water (NO2 supplied with 40% relative humidity). This 
interpretation is supported by the relatively small NO concentration change upon illumination 
(see later). This rise in NO2 concentration continues until the initial NO2 concentration is re-
established indicating only limited chemical conversion during the dark phase. 
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Figure 6. Concentration profiles for NO, NO2 and NOx (NO+NO2) during flowing of NO2 
over TiO2 supported on quartz (TQ-13.01-105; loading pH value of 13.01) through a 
programme of dark and illuminated stages. 
        Upon illumination, the NO2 concentration drops gradually and then, after a short time 
delay (10 minutes), more rapidly. It is proposed that two effects are responsible: 
• the photocatalytic processes summarized above facilitating 
o the oxidation of NO, formed from NO2 adsorbed on TiO2 during the dark 
phase (reaction (14)) 
o the oxidation of NO2  
• the restructuring of TiO2 surface sites (the well-known superhydrophylicity effect) 
increases the concentration of surface hydroxide groups (chemisorbed water) and 
the availability of binding sites for NO but decreases those for NO2, causing gas-
phase NO2 concentration to increase. 
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        Competition between these effects may account for the delay in the concentration 
reduction observed but this reduction under illumination highlights the importance of 
photocatalytic mechanisms over dark chemical conversion. Note that upon illumination, the 
reduction in NO concentration due to photocatalysis, is an indicator of the generation of NO 
in the dark phase (reaction (14)). This small effect confirms that the photocatalytic 
contribution to NO2 oxidation on TiO2 is the dominant oxidation mechanism. 
Opportunities for implementation. Identification of physisorbed water content as an 
important variable in defining nitrate selectivity of TiO2 photocatalysts presents an important 
opportunity for addressing NOx-related air quality issues. Coupled with the availability of 
oxide ion vacancies 38, 47-48 on TiO2 surfaces (see equation 13), control of adsorbed water 
distribution can potentially allow for the engineering of high nitrate selectivity TiO2 
photocatalysts.   Photocatalysts with the highest physisorbed water content appear to have the 
highest nitrate selectivity but control of humidity, whilst not only impractical in a real 
application, is unlikely to provide a solution. At increased relative humidity, condensed liquid 
water on photocatalyst surfaces is expected to limit access to surface catalytic sites. Instead, 
pH control during surface conditioning has shown to be a useful method for generating 
optimum water distribution on TiO2 rather than the control of humidity. 
        Figure 7 shows how these TiO2 materials perform in relation to the DeNOx index, 
defined by Bloh et al 21, which provides a numerical indicator of photocatalyst effectiveness. 
Positive DeNOx values identify photocatalyst performances which can be expected to reduce 
atmospheric NO2 and improve air quality. It is shown that samples conditioned at pH 6 and 
higher are environmentally applicable. It can be noted that the sample conditioned at pH 13 
has the most positive DeNOx index. This photocatalyst is chemically bonded to its support 
but the effect of bonding will be discussed elsewhere. 
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Figure 7. The DeNOx index for the TiO2 supported on quartz samples in dependence of their 
pH conditioning. 
4. Conclusions 
A low temperature precipitation-peptization process was used to produce nano-
dimensional TiO2 which was conditioned under different pH in mixtures with particulate 
quartz. TiO2-SiO2 composites were produced with different levels of TiO2-SiO2 binding and 
with controlled TiO2 surfaces having a range of adsorbed water compositions (different 
physi-sorbed/chemi-sorbed water ratios).  
Almost all of the supported TiO2 (on quartz) samples show higher photocatalytic 
conversion efficiencies for NO and NOx than the unsupported commercial TiO2. This 
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confirms earlier findings 49. The role of water in defining photonic efficiency is highlighted, 
particularly the distribution of chemisorbed and physisorbed water on the TiO2 surface. The 
insensitivity of ξ(NO) to the mass fraction of physisorbed water in the range 0.15 to 0.48 
(Figure 5) indicates that molecular water only has an indirect role in NO oxidation, i.e. in 
providing ●OH. In contrast, the strong ξ(NO2) correlation indicates direct involvement with 
water, which identifies a photo-induced defect mechanism for NO2 photocatalytic oxidation; 
a dark oxidation pathway for NO2 conversion was shown to be active but quantitatively much 
less important than the photocatalytic route. This important observation provides a 
mechanistic differentiation for the photocatalytic NO and NO2 oxidation reactions offering an 
interpretation for the different nitrate selectivities observed for TiO2. Indeed, the mechanism 
identified here suggests that greater focus may be given to previous observed correlations 
between selectivity and defect concentrations, particularly in the context of adsorbed water 
distribution. A correlation between the DeNOx index of Bloh et al 21 and photocatalyst 
conditioning pH presents a practical approach to conditioning surface water distributions on 
TiO2 and together with methods for manipulation of surface defect concentrations, may offer 
a focus towards more effective use of TiO2 photocatalysis in maximising DeNOx strategies 
for urban atmospheres. 
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